We propose a mechanism for the Sivers distribution function in proton in the framework of chiral effective theory. By introducing the gauge link of the vector meson, the pion transverse momentum dependent distribution is re-defined which is locally SU (2)V invariant as the Lagrangian. The eikonal propagator is generated from the gauge link and this scenario is proved to be equivalent to the final state interaction. With the convolution form and the valence quark distribution in pion, the nonzero sea quark Sivers function is obtained. Without fine tuning, the numerical results of the first momentum x∆ N f
We propose a mechanism for the Sivers distribution function in proton in the framework of chiral effective theory. By introducing the gauge link of the vector meson, the pion transverse momentum dependent distribution is re-defined which is locally SU (2)V invariant as the Lagrangian. The eikonal propagator is generated from the gauge link and this scenario is proved to be equivalent to the final state interaction. With the convolution form and the valence quark distribution in pion, the nonzero sea quark Sivers function is obtained. Without fine tuning, the numerical results of the first momentum x∆ N f (1) q (x) are reasonable.
In the recent decades, the transverse partonic structure of hadrons has been the subject of a lot of theoretical and experimental investigations. The so called transverse momentum dependent (TMD) parton distributions are of great interest since they offer insight in the three-dimensional structure of hadrons in terms of the QCD degrees of freedom. At leading twist there are totally eight TMD parton distributions. Among them, two distributions, i.e., Boer-Mulders (BM) and Sivers distributions are time reverse odd. Compared with the BM distributions, more data of Sivers distributions were extracted from semi-inclusive deep inelastic scattering (SIDIS) collected by HERMES and COMPASS collaborations [1, 2] . Sivers function describes the asymmetric distribution of unpolarized quarks in a transversely polarized parent hadrons. It is very essential to explain the single-spin asymmetries (SSAs) in SIDIS which have been observed experimentally since a long time [3] [4] [5] .
Theoretically, it is very difficult to calculate parton distribution functions (PDFs) from the first principe due to the nonperturbative behavior of QCD. Since PDFs are defined in Minkowski space, originally, it is also infeasible to simulate on the Euclidean lattice. Though the quasi-PDFs are proposed to be calculated on lattice based on the large momentum effective theory (LaMET), the simulation of PDFs on Lattice is still in the early stage. For the Sivers distribution function, most calculations are based on the phenomenological quark models, such as spectator model [6] [7] [8] , MIT bag model [9] , constituent quark model [10] , etc. In these model calculations, the gluon field is introduced as the gauge link. The T-odd parton distributions are zero without this gauge link because of the time reversal invariance. Dynamically, T-odd PDFs emerge from the gauge link structure of the parton correlation functions which describe the initial/final state interactions [11, 12] .
It is well known that effective field theory (EFT) is a very good and systematic method to study hadron physics. There are a lot of applications of EFT on hadron spectrum, form factors and hadron-hadron interaction. In particular, for the parton distributions, it can be obtained from the convolution form, where the splitting function can be derived with EFT [13, 14] . Without fine tuning, the obtained PDFs as well as the integrated moments are reasonable compared with the experimental data [15, 16] . However, there is no such kind of calculation for the T-odd TMD PDFs with EFT. The reason is that on the one hand, if we use the same approach, the splitting function is zero for the Sivers distributions. One the other hand, the colored gluon field introduced from the gauge link is not consistent with the framework of EFT which is on the hadron degrees of freedom. Therefore, in this paper, we will provide a mechanism to generate the T-odd TMD PDFs in the framework of EFT. The bilocal operator constructed for the splitting function is invariant under the flavor SU(2) symmetry instead of color gauge symmetry. With this approach, we will calculate the sea quark Sivers distribution functions in proton which have not been estimated theoretically even in the quark models. Sea quark Sivers functions are important to explain azimuthal asymmetries for π ± and K ± production off a proton target in SIDIS and the asymmetrical cross sections for vector boson in polarized Drell-Yan process [17, 18] . It is also crucial to test the sign change of Sivers functions between SIDIS and DrellYan process. Though the sea quark Sivers functions have been extracted from the experiments [19] [20] [21] , the theoretical explanation is still lacking. The calculation here is for the Sivers functions of sea quark in proton and it is straightforward to generally apply it to any T-odd distributions.
For the quark flavor q, according to the Trento convention, the unpolarized and Sivers distributions f 1 (x, k ⊥ ) and f 1T (x, k ⊥ ) are defined as [22] 
where S ⊥ is the transverse spin of proton. The gauge 
where L is the path-ordered light-cone gauge link expressed as
Similar as the quark distribution, for the pion distribution, i.e., the splitting function, the operator can be defined from the light-cone bilocal meson operator as
This kind of operator based on hadron degrees of freedom has been applied for the calculation of pion distributions in the EFT [15, 24] . However, the above operator has no contribution to the T-odd Sivers function. Therefore, we need to construct a bilocal operator for the meson fields which has the time reversal asymmetry. In Refs. [25] [26] [27] , vector meson V µ is introduced as a dynamical gauge boson to guarantee the local SU (2) V hidden symmetry. The matrix of V µ is written as
The Lagrangian for the meson fields can be written as
where α µ is defined as
The covariant derivatives are expressed as
where L µ and R µ are external fields. The coupling constant g is related to f π and the vector meson mass M ρ through the KSFR relation g = Mρ 2fπ [28] . In the chiral Lagrangian, ξ † L = ξ R = ξ = exp(iπ/f π ). To get the bilocal operator for pion, we rewrite the Lagrangian into the bilocal form as
where the gauge link function W (y, 0) is introduced to guarantee the bilocal Lagrangian is locally SU (2) V invariant as the local Lagrangian. W (y, 0) is defined as
(10) At leading order of g, Eq. (9) can be expanded as
where A is written as
From the interaction of the pion and external field in the bilocal Lagrangian (11), we can get the operator O π + tot for calculating the pion distribution. It can be separated into two terms as
where
In Eq. (13), the first term O 
It can be calculated with the EFT and the leading loop diagrams are plotted in Fig. 1 , where the solid, dashed, double dashed and double solid lines are for octet baryons, pseudoscalar meson, vector meson and decuplet baryons, respectively. The thick solid line is the eikonal propagator and the dotted line means the on-shell cut. The effective chiral Lagrangian for baryons and π mesons is well known. It has been widely applied to study hadron physics [29] . In our calculation, the additional interaction between baryon and ρ meson is included. For the decuplet intermediate state, the Lagrangian for the ∆∆ρ interaction can be got from ∆∆γ vertex after substituting eQA µ by gV µ
The Lagrangian for the N ∆ρ interaction is written as [30] 
= 20.45. Σ and I are the isospin 3/2 and isospin transition matrices [31] . For the intermediate octet baryons, the contribution to f π/p 1T (z, k ⊥π ) is written as
where V µ (l) is the vertex of the interaction between nucleon and ρ meson expressed as V µ (l) = γ µ + iκ N σµν l ν 2m . S, S π and S µ+ ρ are the propagators of nucleon, π and ρ, respectively. S on is the on-shell nucleon propagator expressed as S on (k) = 2π(/ k + m)δ(k 2 − m 2 ). The imaginary part of the eikonal propagator 1/(l + + iǫ) gives the real pion Sivers distribution function. The expressions for the other diagrams with decuplet intermediate states are similiar but more complicated.
The nonzero Sivers distribution function can also be explained from the final state interaction. The left diagram in Fig. 2 denotes the final state interaction in Sullivan process, where the momentum k and l are collinear with proton momentum P in collinear approximation. The '+' component of the momentum is much larger than the other components. As a result, the vector meson projects into '+' direction at leading order. In other words, the leading part of the momentum of the pseudoscalar meson after the photon scattering is the '-' component. This is also consistent with the analysis of parton distributions in Ref. [11] . Therefore, the ρππ vertex and pseudoscalar propagator turn into the eikonal propagator approximately as
Accordingly, the diagram Fig. 2a can be changed into Fig. 2b and the pion Sivers distribution function can be extracted, which is consistent with gauge link approach in Fig. 1 .
With the above splitting function, the Sivers distribution function of sea quarkq in proton can be obtained by the convolution form
where fq
is the ordinary valance quark TMD distribution in pion. The first moment of the Sivers distribution function is defined as [19] 
where fq /π 1v (x) is valance quarkq distribution in π and it can be obtained from the recent fit at Q = 0.63 GeV [32] .
In the numerical calculation, the dipole regulatorF j (k) (j = π, ρ) is applied to deal with the ultraviolet diver- gence [14, 33] 
For π meson, Λ π is around 1 GeV to get the reasonable electromagnetic and strange form factors of nucleon [34] . For ρ meson, the parameter Λ ρ is not well determined and it has been chosen to be 1.85 GeV in Ref. [33] . Considering the mass difference of ρ and π, we present the result for a range 1.6 GeV ≤ Λ ρ ≤ 2.0 GeV. The first moment of the Sivers distribution functions of u andd is plotted in Fig. 3 . The green and yellow bands are for x∆ N f
u (x) and x∆ N f 
u (x) will tend to be zero. Ford in proton, when x is less than 0.3, x∆ N f
is negative. The maximum value is about 0.001 at x around 0.1. Similar as for x∆ N f (1) u (x), when x is larger than 0.6,
(x) will also approach to zero. Our result is comparable with the prediction in the large N C limit where the absolute value of the Sivers distribution functions of u andd are the same while their signs are opposite [35] .
In Ref. [21] , the center values of extracted x∆ N f
u (x) and x∆ N f
(1) d (x) are both negative and the absolute value
is close to their fit except in the small x region, where the perturbative effect is dominant. For x∆ N f
u (x), the results are quite different. Our value is much larger and the sign is opposite to their best fit. Hopefully, these differences can be checked by the further theoretical and experimental analysis.
For x∆ N f u (x). However, the contribution to x∆ N f
(1) d (x) is 9 times smaller than that to
u (x) due to the smaller value of the coupling constants for π + case than for π − case. In summary, we proposed a mechanism for the study of Sivers distribution function in the framework of chiral effective field theory. The vector meson is introduced for the SU (2) V hidden symmetry. The bilocal π operator is re-defined with the gauge link of the vector meson which is locally SU (2) invariant. The eikonal propagator generated from the flavor gauge link is crucial for the nonzero Sivers distribution function. The gauge link approach is also proved to be consistent with the final state interaction in the collinear approximation. With the convolution form, which combining the splitting function calculated from the bilocal π operator and the valence quark distribution in pion, the Sivers distribution functions ofū andd are obtained. Numerical results show that the absolute values of x∆ N f
u (x) and x∆ N f u (x) the only contribution comes from the decuplet intermediated state and it is 9 times larger than the corresponding contribution for x∆ N f
(1) d (x). Without fine tuning the parameters, our results are consistent with the prediction in the large N C limit. It is also comparable with the recent experimental fit. This is the first theoretical estimation on x∆ N f
u (x) and for x∆ N f
(1) d (x) in the framework of effective field theory and our predictions can be checked by the future theoretical and experimental analysis.
